A new type of low-silver hypoeutectic SAC lead-free solder was prepared, and then hot dip soldering was used to form the joints of copper. The microstructure evolution of IMCs and the variation of shear strength of solder joints were investigated. The results have shown that the thickness of the IMC layer increased over time and the scallop-type IMC became a hump like shape during the aging process. The growth rates of the IMC layer were 0.61 × 10 −14 cm 2 /s, 2.06 × 10 −14 cm 2 /s, 4.83 × 10 −14 cm 2 /s at 348 K, 373 K and 423 K respectively. The shear strength of solder joint fell sharply at rst and then became slow, nally dropped from 40.94 MPa to 29.73 MPa after aging at 423 K for 12 days. Moreover, the fracture mode changed from ductile fracture to local brittle fracture with the increasing of aging time.
Introduction
The high cost of high silver near eutectic Sn-Ag-Cu (SAC) lead-free solder, which has been considered as the most promising alternative to the Sn-Pb solder alloy [1] [2] [3] . In order to reduce the costs and promote solder qualities, low-silver SAC solder emerged at a historic moment 4) . With the Ag content decreased, however, higher melting temperature of the low-silver SAC solder will lead to a series of problems, like increased the melting range, declined the wettability, coarsened the matrix microstructure and reduced the mechanical properties 5, 6) . A lot of researches have been done to solve these problems, for example, adding a certain content of Bi in SAC0307 can reduce the melting point of solder and improve the wettability 7) . The addition of Bi or Be in the SAC solder could limit the growth of the intermetallic compound (IMC) and improve the mechanical properties of solder 8, 9) . A kind of low-temperature stirring soldering of low-silver SAC solder was studied by Gan, which found that the IMC growth of joint was signi cantly inhibited by adding Ni nanoparticles 10, 11) . Adding a small amount of Ni in SAC105 solder could inhibit the generation of Ag 3 Sn, re ne the massive primary β-Sn phase and signi cantly improve the creep property of solders 12) . Furthermore, the microelements such as Ce, Sb and Ge also could improve the properties of low-silver SAC solder [13] [14] [15] .
A new kind of low-silver SAC lead-free solder has been used in production with a good result in china for re ow soldering and stirs soldering 10, 11) . The solder but without using in hot dip soldering. Hot dip soldering is widely used for application, but the research on low-silver SAC lead-free solder is quite few. To extend its application areas, the Cu/ (SAC)/ Cu solder joint was prepared by hot dip soldering with a new low-silver SAC lead-free solder after adding traces elements at rst time. We know that the solder joint would fail in advance during their service time because of the coarsening of matrix microstructure and the growth behavior of IMC 16) . Therefore, the evolution of the IMC and its in uence on the mechanical properties during aging were also researched.
Experimental
988.7 g tin with a purity of 99.95% (in mass, similarly hereinafter), 6.8 g copper with 99.99% and 4.5 g silver with 99.99% were weighed. Then the heating and melting of all metals were carried out under the protection of the molten salt (KCl:LiCl = 1.3:1) in a crucible resistance furnace. Finally, the low-silver SAC solder alloy was obtained by pouring into a mold after adding a certain mass ratio of trace elements (the mass is about 10
) at 673 K for 1 h. The copper with rosin-base uxed (it was composed of 75 g isopropanol, 25 g foral and 0.4 g diethylamine hydrochloride) were put into a particular mold, and then the mold were immersed into the molten of low-silver SAC solder at 543 K for 10 s to get the Cu/SAC/Cu solder joints. The size of copper and the size of soldering joints between two coppers were 10 mm × 5 mm × 8 mm and 2 mm × 1 mm × 8 mm respectively. The preparation process is illustrated in Fig. 1 .
The Cu/SAC/Cu samples were further subjected to isothermal aging at 348 K, 373 K and 423 K in air for 2, 4, 6, 8 and 12 day respectively. Optical metallographic microscope and SEM were used to analyze the interfacial microstructures. The thickness of the IMC layer was calculated by the Image-pro plus software. The average shear strength of several solder joints (shear velocity was 10 mm/min) was identied by the PTR-1101 bonding strength tester. The shear process is shown in Fig. 2 .
Results and Discussion

Effect of isothermal aging on the interfacial IMCs
The changes of IMC in as-re owed joint and the solder joint after aging at 423 K for 12 days are shown in Fig. 3 . Typical scallop-type IMCs are observed near the solder of as-re owed joint, and most of its components are Cu 6 Sn 5 phase, which is veri ed through EDS and earlier research 10, 11) . Tiny second phase (except β-Sn) diffusing in the solder are Cu 6 Sn 5 and a small amount of Ag 3 Sn. After aging 12 days at 423 K, the thickness of the IMC layer increases signi cantly from 2.32 μm to 4.81 μm. The small scallop-type IMCs turn into smooth due to its low surface energy 17) . The ne second phase gradually become larger, and then transform to be round or elliptical in the solder matrix.
The evolution of interfacial IMCs under different aging conditions is illustrated in Fig. 4 . At the same temperature, the thickness of the IMC increases with the increasing of aging time, while the interface morphology has a signi cant change. The IMC interface presents serrated when aging at 348 K for 2 days, and the interfacial IMC becomes smoother after 12 days, but few of them still serrated. While the interfacial IMC becomes relatively at at 423 K for 2 days, the scallop-type IMC disappears and becomes to be a hump like shape after 12 days which is due to increasing of atomic diffusion velocity at the higher temperature.
The growth rate and the activation energy of IMCs
(1) The growth rate of IMCs The growth rate of IMCs at the interface depends on the formation rate of IMCs during soldering and the mutual diffusion rate of Sn in solder and Cu in copper substrate during aging. During the soldering process, the diffusion rate of atoms in liquid solder is faster than the IMC reaction rate, so the formation rate of IMCs is controlled by the reaction speed. During the aging process, the growth rate of IMC is mainly controlled by the diffusion rate of atoms because the mutual diffusion rate between Cu and Sn is low. The IMC thickness will be proportional to the square root of the aging time 11) . The relationship between the IMC thickness and time during aging is as follows 18) .
Where d is the IMC thickness, μm; d 0 is the thickness of IMC in as-re owed joints, μm; K is growth rate, cm 2 /s; t is the aging time, s.
Image-pro plus software was used to calculate the thickness of the interfacial IMC under various conditions in order to reveal the growth mechanism of IMC. It is suggested that the higher the aging temperature is, the faster the IMC thickness grows. As the aging time increased, the thickness of interfacial IMC increases as the parabolic growth trend, and the growth speed of the interfacial IMC become slow. As shown in Fig. 5 , the thickness of the IMC substantially has a linear relationship with the square root of aging time, and the growth of the IMC is mainly controlled by the diffusion rate. According to the eq. (1), the growth rates at 348 K, 373 K and 423 K are as follows respectively.
The higher the temperature is, the larger the growth rate of IMC is. The growth rate of the IMC at 423 K is 7 times higher than 348 K, and 2.3 times as higher as 373 K.
(2) The activation energy of IMCs The diffusion coef cient K has a relationship with temperature, and the relationship can be described by Arrhenius eq. (2) 19) .
Where K 0 is diffusion constant, cm 2 /s; Q is growth activation energy, kJ; R is the universal gas constant, 8.314 kJ/mol; and T is the thermodynamic temperature, K.
Taking the natural logarithm of eq. (2), the diffusion coefcient can be expressed as eq. (3).
According to the eq. (3), the relationship between lnK and T −1 is approximately a straight line, and the slope rate is about 4.06 × 10 3 . The growth activation energy of IMC in the low-silver hypoeutectic solder joint is about 33.75 kJ/mol calculated from the slope rate of the eq. (3). It has been reported that the growth activation energy of high-silver SAC solder is 90 kJ/mol 20) . It can be shown that the IMC growth of low-silver SAC solder is more sensitive to temperature, namely the IMC of low-silver SAC solder grows up easier than high-silver SAC.
The mechanical properties of solder joint
The shear strength of solder joint under these aging conditions is illustrated in Fig. 6 . It can be seen that the shear strength of as-re owed solder joint is 40.94 MPa, and then the shear strength of solder joint declined with the increasing of aging time. The shear strength all decreases by about 16.8% after two days aging test at 348 K, and then the trend of degression becomes slow. Besides, the higher the temperature is, the more serious the shear strength declines is. Similarly for aging of 12 days, the shear strength is 29.73 MPa at 423 K, 30.58 MPa at 373 K and 31.11 MPa at 348 K, respectively. They drop about 27.5%, 25.3% and 24.0% respectively, comparing with the shear strength of as-received solder joint. Figure 7 shows the relationship between displacement and shear force of joint during aging at 423 K, and the shear force of as-received solder joint is the largest. With the increasing of aging time, the shear force drops slowly. The upper copper of joints moves away about 1.75 mm before emerging the failure of the joint when aging 0, 2 and 4 days with the same shear velocity (10 mm/min). After 8 days aging test, the copper moves away about 1.53 mm before emerging the failure of the joint. The copper moves away about 1.4 mm on 12 days. The fracture of the specimen all occurred in the solder layer, not in the IMC layer, which can be concluded that the solder joint in the IMC layer has higher bonding strength.
The fracture morphology of solder joint under aging at 423 K is shown in Fig. 8 . The fracture before aging presents the parabolic dimple, and its orientation is the same with the shear orientation. With the increasing of aging time, the dimple becomes more and more big, and it can be seen that the fracture still evenly distributes in the dimple for the 4 days aging (Fig. 8(c) ). This fracture of solder joint is ductile fracture. After 8 days aging, the dimple of joint reduces signicantly, and the morphology is observed in some area as shown in Fig. 8(d) . The results indicated that as the increasing of aging time, the fracture mode of solder joint changes from ductile fracture to local brittle fracture (Fig. 8(d) and 8(e) ), which is consistent with the experimental results of Wang 21) .
Conclusions
(1) The IMC thickness of low-silver SAC solder joint increased with the increasing of aging time, the initial small scallop-type IMC became smooth and the second phases in solder turn into coarsen. and 4.83 × 10 −14 cm 2 /s under aging at 348 K, 373 K and 423 K respectively. The IMC growth of low-silver SAC solder was more sensitive to temperature, compared with high-silver SAC solder.
(3) The shear strength of solder joint declined fast at rst, but the rate of decline became weak after 2 days during aging. The joint shear strength reduced by about 27.7% aging for 8 days at 423 K, and the solder joint gradually changed from the ductile fracture to the local brittle fracture.
